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Transcranial magnetic stimulation (TMS) is a noninvasive method utilized to investigate overall alterations in the excitability of the motor pathway from the brain to the contracting muscle (5) . Changes in the magnitude of TMS-evoked, shortlatency electromyographic (EMG) responses, termed motorevoked potentials (MEP), can be monitored in a target muscle and reflect activity-induced alterations in the excitability of corticomotoneuronal projections (11, 26) . Although alterations in MEP size provide information about the net excitability of the corticomotoneuronal pathway, it is not possible to discriminate between changes occurring at the level of the motor cortex and spinal motoneurons. To decipher these effects, cervicomedullary stimulation [CMS, producing a cervicomedullary evoked potential (CMEP)] of corticospinal axons can be employed to reveal alterations in the excitability of spinal motoneurons and, by extension, motor cortical output cells (33, 35) .
The excitability of the human motor pathway increases with augmented central motor drive and/or contraction strength (38) , a facilitation that is attributed to the increased excitability of both the motor cortex and spinal motoneurons (12, 23, 36) . While there are limitations associated with its use (15) , EMG activity of the working muscle is commonly utilized as an indicator of central motor drive during both single-joint (6) and cycling exercise (18) . In this context, it is interesting to note that the EMG-force relationship between single-joint isometric and multi-joint leg press exercise is, despite the difference in exercise modality, similar at a knee angle of 90° (1) .
Evidence from isometrically contracting upper limb muscles demonstrates that the overall excitability of the corticomotoneuronal tract (i.e., MEP), and specifically that of the spinal motoneurons (i.e., CMEP), do not increase continuously, but rather peak around 50 -75% of maximal voluntary contraction (MVC) strength. This peak is then followed by a progressive decline with further increases in central motor drive (20, 37) . In isometrically contracting lower limb muscles, MEPs and CMEPs progressively grow with increasing torque up to 50% MVC and, with further increases in contraction strength, remain unchanged in plantar flexors (25) , but fall in the quadriceps (16, 28) . It is important to consider that these findings in the lower limbs are based on the debatable use of magnetic CMS (25) [e.g., limited stimulator power (35) ], relatively high stimulator output intensities (16, 28) , and electrical stimulation of corticospinal axons at the thoracic level, but only up to 50% MVC (19) .
The relationship between central motor drive and corticomotoneuronal excitability during locomotor exercise is of particular importance because increases in drive, as observed during fatiguing constant-load cycling (2), could potentially alter MEPs and CMEPs independent of any fatigue-related influences. Specifically, if lower limb corticomotoneuronal excitability during locomotor exercise is sensitive to increases in central motor drive similar to that seen in isometrically contracting upper limb (20) or quadriceps (16, 28) muscle, increases beyond 50 -75% of maximal cycling capacity could, per se, have a compromising effect on corticomotoneuronal excitability, independent of any fatigue-related effect. Consequently, it is important to understand the potential impact central motor drive may have on cortical and spinal excitability during locomotor exercise. Hence, we sought to describe the influence of exercise intensity on corticomotoneuronal excitability during both isometric knee-extensor contractions and locomotor exercise. Additionally, to investigate potential differences across exercise modalities, we examined the effect of a given change in exercise intensity and associated change in central motor drive on corticomotoneuronal excitability during both isometric and locomotor exercise.
METHODS

Participants
Ten healthy, regularly active male participants (27 Ϯ 1 yrs old) participated in this study. Written, informed consent was obtained from all participants before their inclusion in this study. The Institutional Review Boards of the University of Utah and the Salt Lake City Veterans Affairs Medical Center approved all protocols.
Protocol
Participants reported to the laboratory on three occasions, separated by at least 24 h. The first visit included familiarization with various techniques and an incremental cycle ergometer test (described in Locomotor exercise). During the following two visits, participants performed either the isometric or the locomotor protocol in randomized order. As an estimate of fatigue induced by each of these protocols, we compared the average of three MVCs (duration ϳ3 s, 30 s rest between) performed before exercise with the average of three MVC performed 30 s after the exercise. Additionally, we compared the influence of changes in EMG (estimate of central motor drive) on changes in corticomotoneuronal excitability between exercise modalities. For that purpose, two levels of similar EMG obtained during each protocol (one higher than the other) were identified. Therefore, the percent change in cortical and spinal motoneuronal excitability can be compared for a given relative increase in EMG between modalities.
Isometric contractions. Participants were seated upright in a custom-built chair with their hip and knee flexion at about 120°and 90°, respectively, and arms crossed over the chest. Isometric knee extensor force was measured using a calibrated linear strain gauge (MLP 300; Transducer Techniques, Temecula, CA) attached to a noncompliant cuff 2-3 cm superior to the right lateral malleolus. Cuff position was marked on the ankle to ensure consistent placement within a session. Nine sets of brief (ϳ3 s) randomized contractions at 10, 25, 50, 75, and 100% of MVC of the knee extensors were performed, with each contraction separated 30 s and each set by 2 min. Real-time torque feedback was provided for the participant to match a given exercise intensity. TMS, CMS, or peripheral nerve stimulation (PNS) was given at random and balanced for each contraction strength. A total of 3 PNS, 3 TMS, and 3 CMS were obtained and averaged at each contraction intensity.
Locomotor exercise. Each workload was performed twice (resulting in a total of eight, randomized 45-s exercise bouts). To determine intensity-dependent changes in corticomotoneuronal excitability during cycling, participants received a stimulation set during each workload consisting of three TMS, one CMS, and one PNS. The order of stimulation type was randomized and separated by at least eight pedal revolutions, resulting in 24 TMS, 8 CMS, and 8 PNS stimulations. Crank angle was monitored continuously and all stimulations were elicited at 45°clockwise relative to top dead center (equals a knee angle of ϳ100°) to evoke a response during the peak cycling EMG burst of the vastus lateralis (30) . Additionally, participants breathed from a rigid fixed mouthpiece to minimize head movement during cycling.
Instrumentation
Electromyography. EMG signals were recorded by surface electrodes (Ag-AgCl, 10-mm diameter, 5-cm interelectrode distance) placed on the muscle belly of the rectus femoris (RF), vastus lateralis (VL), and biceps femoris (BF) in a bipolar configuration. Before electrode placement, the skin was lightly abraded with fine sandpaper and cleaned with an alcohol swab. EMG signals were amplified (1,000 times; Neurolog Systems, Digitimer, Welwyn Garden City, Hertfordshire, UK), band-pass filtered (50-2,000 Hz; NL-844, Digitimer), and analog to digitally converted at a sampling rate of 2,000 Hz using a 16-bit Micro 1401 mk-II and Spike 2 data collection software (Cambridge Electronic Design, Cambridgeshire, UK) running customwritten scripts.
Peripheral nerve stimulation. For both protocols, PNS was performed with the anode placed between the greater trochanter and the iliac crest, and the cathode was placed over the femoral nerve in the femoral triangle. Optimal position of the stimulating electrode over the femoral nerve was determined by delivering lowintensity single pulse stimuli (200 s pulse width; 100 -150 mA) via a movable cathode probe and a constant voltage stimulator (model DS7AH, Digitimer). The optimal position of the stimulating cathode was defined as the location that was associated with the greatest torque output in response to the low-intensity stimulation. Once located, the cathode electrode was fixed and remained in this position until all measurements were completed. Thereafter, stimulation intensity was increased by 20-mA increments until the size of the compound muscle action potential (M-wave) demonstrated no further increase (i.e., maximal M-wave, Mmax) at rest and during 50% MVC. Stimulation intensity was set at 130% of Mmax intensity (group mean intensity Ϯ SE: isometric protocol 303 Ϯ 12 mA, locomotor protocol 326 Ϯ 24 mA) and kept constant throughout the testing session. Validity of the Mmax intensity and cathode location was confirmed during warm-up cycling to ensure maximal activation in the locomotor protocol.
Cervicomedullary stimulation. The corticospinal tract was electrically activated (100 s pulse width, D-185 mark IIa, Digitimer) at the cervicomedullary junction to evoke CMEPs. Self-adhesive electrodes were placed in the grooves behind the mastoid processes with the cathode placed on the left side to stimulate the contralateral leg (38) . To allow for potential changes in excitability during the isometric contraction protocol, the stimulation intensity was set to achieve a CMEP size corresponding to ϳ50% Mmax (450 Ϯ 17 V) in the VL during a 50% quadriceps MVC. For dynamic cycling, simulator intensity (326 Ϯ 24 V) was set to achieve a CMEP of approximately 50% M max in the VL during cycling at 100 W. This intensity was chosen to provide room for growth or decline in motoneuronal responses during cycling. All participants tolerated these stimulation procedures.
Transcranial magnetic stimulation. Stimulation was delivered over the vertex of the motor cortex (left hemisphere, approximately 2-3 cm lateral of the vertex) using a concave double-cone coil (Magstim 200; Magstim, Whitland, UK) to elicit a MEP in the quadriceps. Optimal positioning of the TMS coil was determined during a 20% MVC before the experimental exercise and marked on the scalp for accurate placement throughout the study.
ISOMETRIC CONTRACTION PROTOCOL. The stimulator intensity (38 Ϯ 2% of maximum stimulator output) was set to evoke a MEP of similar size to CMEP in the VL during a 50% quadriceps contraction (ϳ50% M max).
LOCOMOTOR EXERCISE PROTOCOL. Stimulator intensity (42 Ϯ 3% of maximum stimulator output) was set to evoke a MEP of similar size to CMEP (ϳ50% M max) in the VL during cycling at 100 W.
Data Analysis
All data were stored and analyzed offline using Spike 2 data collection software. The averaged peak-to-peak amplitude and area of evoked responses (e.g., MEP, CMEP, and Mmax) were measured. As the results for both area and peak-to-peak amplitude of MEP, CMEP, and M max were similar (for details see Tables 1 and 2 ), the presentation of the results are limited to area as previously reported (21) . To account for changes within the muscle during exercise, MEPs and CMEPs were normalized to the nearest M max. To isolate alterations in the excitability of the motor cortex we normalized the MEP to CMEP. During isometric exercise, voluntary EMG was rectified and averaged for 100 ms before the point of stimulation. During dynamic cycling, before any stimulations, 10 s of rectified EMG waveforms were overlaid and then averaged around the same centering point (i.e., 45°) used for eliciting stimulations. The average EMG 50 ms and 25 ms before and after the centering point was measured. All data are reported as means Ϯ SE.
Statistical analysis. A one-way ANOVA with repeated measures on the factor contraction strength was computed to determine whether there was a significant main effect for EMG, M max, MEP, CMEP, and MEP-to-CMEP ratio in both protocols. If a main effect was identified, a Holms-Bonferroni post hoc test was performed to determine where the differences occurred. To confirm our EMG measurements during cycling exercise, a 2 ϫ 4 repeated measures ANOVA was performed on EMG averages (50 ms and 25 ms before and after the centering point) and workload. Additionally, a Student's t-test was performed on the pre-post-MVCs and the percent change in corticomotoneuronal responses (MEP and CMEP normalized to M max, MEP normalized to CMEP) associated with a given percent change in EMG across exercise modalities. The percent change in corticomotoneuronal responses was chosen for this analysis in an attempt to diminish the confounding influences associated with the comparison of absolute EMG across different days. Statistical significance was set at P Յ 0.05.
RESULTS
None of the two protocols resulted in a pre-to postexercise decrease in MVC, i.e., no exercise-induced fatigue was associated with either task. Specifically, pre-versus postexercise MVC during the isometric protocol was 194 Ϯ 17 vs. 193 Ϯ 16 Nm, P ϭ 0.55 and pre-vs. postexercise MVC during the dynamic protocol was 201 Ϯ 12 vs. 193 Ϯ 13 Nm, P ϭ 0.26.
Isometric Contractions
There was a main effect of contraction strength for EMG in the VL (P Ͻ 0.001) and RF (P Ͻ 0.001) (Figs. 1 and 2 , Table  1 ). For all tested contraction strengths (25-100% MVC), EMG was greater than that at the prior contraction strength (P Ͻ 0.001). M max area was unchanged in both muscles across all contraction strengths (VL: 38.7 Ϯ 1.6 V·ms, P ϭ 0.29; RF: 39.7 Ϯ 1.7 V·ms; P ϭ 0.56). There was a main effect of contraction strength in the VL and RF (P Ͻ 0.001) for MEP and CMEP. Post hoc analysis revealed that the MEP area increased in the VL and RF from 10 to 25% MVC, from 25 to 50% MVC, and from 50 to 75% MVC (P Ͻ 0.01). There were no differences in MEP area between 75 and 100% MVC in the VL (P ϭ 0.35) or RF (P ϭ 0.42). The area of CMEP in RF followed the same pattern and significantly increased from 10 to 25% MVC, 25 to 50% MVC, and from 50 to 75% MVC (P Ͻ 0.01). No increase was evident from 75 to 100% MVC in the VL (P ϭ 0.77) or RF (P ϭ 0.61). There was no difference between the area of MEP and CMEP at any contraction strength across muscles (VL: P ϭ 0.89, RF: P ϭ 0.60). Consequently, MEP normalized to CMEP remained unchanged across contraction strengths in the VL (P ϭ 0.22) and RF (P ϭ 0.43).
Locomotor Exercise
EMG activity increased with each increment in cycling workload in the VL (P Ͻ 0.001) (Figs. 1 and 3, Table 2 ). There was no interaction effect of the method of EMG averaging (50 or 25 ms before and after the point of stimulation) and workload (P ϭ 0.59), consequently the 50 ms before and after the point of stimulation will be reported. M max remained unaltered throughout the series of short bouts of dynamic cycling (41.3 Ϯ 0.7 V·ms; P ϭ 0.40). There was a main effect of cycling workload for MEP and CMEP (P Ͻ 0.001). MEP increased from 30 to 65% W peak (100 to 200 W; P Ͻ 0.01) and from 65 to 100% W peak (200 W to 300 W; P Ͻ 0.01). There was no increase in MEP from 100% W peak to 160% W peak (300 W to 400 W; P ϭ 0.95). Likewise, CMEP increased from 30 to 65% W peak (100 to 200 W; P Ͻ 0.01) and from 65 to 100% W peak (200 to 300 W; P Ͻ 0.01), with no further changes from 100 to 160% W peak (300 W to 400 W; P ϭ 0.51). Similar to the isometric protocol, there was no effect of stimulation type between MEP and CMEP (P ϭ 0.86); and MEP/CMEP did not change across workloads (P ϭ 0.80). EMG in the RF was augmented at each cycling workload (P Ͻ 0.001) with no changes in M max (49.1 Ϯ 0.4 V·ms; P ϭ 0.68). There was no interaction effect of the method of EMG averaging (50 or 25 ms before and after the point of stimulation) and workload (P ϭ 0.11), consequently the 50 ms before and after the point of stimulation will be reported. In contrast to the VL, MEP and CMEP increased across all cycling workloads in the RF (P Ͻ 0.001) with no evidence of a plateau and no main effect of stimulation type MEP and CMEP (P ϭ 0.96). Specifically, MEP increased from 30 to 65% W peak (100 to 200 W; P Ͻ 0.01), from 65 to 100% W peak (200 W to 300 W; P Ͻ 0.05), and from 100 to 160% W peak (300 W to 400 W; P ϭ 0.05). CMEP also significantly increased from 30 to 65% W peak (100 to 200 W), from 65 to 100% W peak (200 W to 300 W), and from 100 to 160% W peak (300 W to 400 W; P Ͻ0.01). There was no main effect of contraction strength for the MEP-to-CMEP ratio (P ϭ 0.67).
Vasutus Lateralis
Mmax Peak-to-peak, mV 5.2 Ϯ 0.4 5.1 Ϯ 0.4 5.0 Ϯ 0.3 5.2 Ϯ 0.4 0.54 0.74 0.00 Area, V·ms 43.0 Ϯ 4.2 41.4 Ϯ 4.8 39.6 Ϯ 4.2 41.1 Ϯ 5.2 0.56 0.70 0.00 MEP Peak-to-peak, mV 2.7 Ϯ 0.3 3.2 Ϯ 0.4 3.5 Ϯ 0.4 3.7 Ϯ 0.4 Ͻ0.001 9.90 0.10 Area, V·ms 25.4 Ϯ 3.9 32.4 Ϯ 4.9 38.4 Ϯ 5.9 38.6 Ϯ 5.7 Ͻ0.001 9.78 0.10 %Mmax Peak-to-peak 52.9 Ϯ 6.3 63.7 Ϯ 5.8 69.9 Ϯ 6.4 71.4 Ϯ 5.9 Ͻ0.001 12.78 0.14 %Mmax Area 58.7 Ϯ 6.2 77.3 Ϯ 6.6 95.0 Ϯ 9.8 94.6 Ϯ 10.6 Ͻ0.001 15.01 0.18 %CMEP Peak-to-peak 85.9 Ϯ 7.9 82.8 Ϯ 5.7 91.5 Ϯ 8.0 85.7 Ϯ 5.6 0.85 0.27 0.01 %CMEP Area 102.1 Ϯ 9.4 100.4 Ϯ 8.1 104.1 Ϯ 9.3 98.6 Ϯ 7.7 0.76 0.4 0.01 CMEP Peak-to-peak, mV 3.0 Ϯ 0.4 3.7 Ϯ 0.4
Comparisons Across Exercise Modality
We compared the effect of a given change in EMG on MEP and CMEP between exercise modalities (Fig. 4) . For the VL, similar EMG values were found during cycling at 100 W and isometric contraction at 50% MVC (0.160 Ϯ 0.02 mV and 0.168 Ϯ 0.02 mV, P ϭ 0.85) and during cycling at 200 W and isometric contraction at 75% MVC (0.220 Ϯ 0.02 mV and 0.226 Ϯ 0.02 mV, P ϭ 0.91). As M max was similar between protocols for VL (P ϭ 0.86) and RF (P ϭ 0.31), normalizing EMG to M max did not alter the outcome. The approximate 40% increase in voluntary VL-EMG during cycling (i.e., from 100 -200 W) and during isometric (i.e., from 50 -75% MVC) exercise was associated with a ϳ33% increase in MEPs and a ϳ42% increase in CMEP in both exercise modalities; these increases were similar (P Ͼ 0.60) in both exercise modalities (Fig. 4A) .
For the RF, similar EMG values were found during cycling at 100 W and isometric contraction at 25% MVC (0.095 Ϯ 0.01 mV and 0.098 Ϯ 0.02 mV, P ϭ 0.91) and during cycling at 300 W and isometric contraction at 50% MVC (0.186 Ϯ 0.02 mV and 0.182 Ϯ 0.03 mV, P ϭ 0.88). The ϳ90% increase in voluntary RF-EMG during cycling (i.e., from 100 -300 W) and during isometric (i.e., from 25-50% MVC) was associated with a 90% increase in MEPs and 77% increase in CMEPs; these increases were similar (P Ͼ 0.30) between exercise modalities (Fig. 4B ).
DISCUSSION
The relationship between central motor drive and the excitability of the motor cortex and spinal motoneurons is an important consideration for the interpretation of the net response of the motor pathway to exercise in which central motor drive changes dynamically. This study examined the influence of central motor drive on the excitability of cortical output cells and spinal motoneurons projecting to the quadriceps during two different exercise modalities; namely, isometric knee extension and cycling exercise. As reflected in the exercise intensity-response curves of both exercise modalities, MEPs and CMEPs progressively increase with greater central motor drive up to a peak, beyond which further increases do not cause additional changes in corticomotoneuronal excitability. Interestingly, during locomotor exercise, the RF appears to be different in that the excitability of cortical and motoneuronal projections continually increase over the tested workloads. In both modalities and for both VL and RF, the modulation of MEPs and CMEPs is similar across various intensities, which may suggest that the observed effects could largely be accounted for by spinal mechanisms. Relative to the task-specific maximal capacity, the onset of the plateau in VL corticomotoneuronal excitability is different between the two exercise modalities, with a starting point around 75% MVC during the isometric contraction and approximately 100% W peak during locomotor exercise.
Isometric Exercise
Although intensity-dependent changes in corticomotoneuronal excitability during isometric exercise have been established for the upper extremities (20, 34, 37) , this phenomenon is less investigated in the lower limbs. In the present study, MEP and CMEP progressively increased from 10 to 75% MVC in the VL and RF. This finding coincides, at least in part, with Martin et al. (19) who reported a linear increase in thoracic-evoked motor potentials from rest to ϳ50% MVC in the RF, tibialis anterior, and soleus. Unfortunately, higher contraction intensi- ties were not studied, thus a plateau in excitability was not observed.
After 75% MVC, further increases in contraction strength did not result in additional changes in corticomotoneuronal excitability in the present study (Fig. 2) . The observation of a plateau starting at this fairly high contraction strength confirms earlier findings in the plantar flexors (25) and is likely a consequence of a decreased motoneuronal response to central motor drive. Specifically, with greater contraction strengths, motoneurons exhibit an increase in firing rate that can alter the trajectory of the afterhyperpolarization period (i.e., longer hyperpolarization period), resulting in a blunted response to a given stimulus (20, 22, 37) . However, the plateau in corticomotoneuronal excitability observed in the present study contrasts with the previously documented reduction in MEPs at intensities above 50% of quadriceps MVC (16, 28) . One potential explanation for this discrepancy is the difference in TMS stimulation intensity. In the current study, the TMS intensity (ϳ37% of stimulator output) was determined by matching MEP amplitude to CMEP amplitude, whereas in the previous studies (16, 28) , TMS intensity was set to achieve the highest possible MEP at 50% MVC (requiring a stimulator output of 50 -70%). Although the use of a low versus a high stimulation intensity might account for part of the different findings, it might not fully explain the discrepancy because a decline in MEPs and CMEPs above 75% contraction strength has also been observed in elbow flexors while using a low stimulator intensity (25-55% of maximal stimulator output) (20) . This might suggest that the effect of stimulator intensity on corticomotoneuronal excitability may be muscle specific.
Finally, it has been documented that voluntary muscle contractions can facilitate resting corticomotoneuronal excitability for 10 -15 s after exercise with the magnitude of potentiation being independent of the preceding contraction intensity (24, 27) . Although hypothetical, a potentiation effect from one muscle contraction to the next could have facilitated the corticomotoneuronal excitability during the subsequent contraction. However, given the 20-s rest between and the randomization of contractions in the present study, a significant effect is rather unlikely.
Locomotor Exercise
This study is the first to investigate the influence of cycling workload/intensity and associated central motor drive on motor cortical and spinal motoneuronal responses. Similar to isomet- ric exercise of the same muscle group, increases in workload during aerobic cycling resulted in increases in corticomotoneuronal excitability until a plateau was reached in the VL. Specifically, MEP and CMEP in the VL progressively increased by ϳ63% from the lowest workload to the occurrence of the plateau at W peak . Further increases in workload and voluntary EMG did not cause additional changes in MEP and CMEP size. The unchanged MEP-to-CMEP ratio across all intensities (Fig. 3) suggests that the corticomotoneuronal facilitation observed with increasing central motor drive could have mainly been driven by a spinal component. However, although the MEP-to-CMEP ratio is often utilized to provide some information regarding the site where alterations of corticomotoneuronal excitability may occur, a distinct conclusion cannot be drawn. Specifically, the similar increase in both MEPs and CMEPs (i.e., unchanged MEP-to-CMEP ratio) might not share a common mechanism because MEPs can be modulated at spinal and/or cortical levels, whereas CMEPs are only modulated at a spinal level. Moreover, MEPs and CMEPs may be influenced by entirely different spinal circuits (10) . Thus the facilitation of both MEPs and CMEPs may be mediated by independent factors challenging the validity of the MEP-to-CMEP ratio as an indicator of the site of alteration in the corticomotoneuronal excitability.
In contrast to the VL, MEPs and CMEPs obtained from the RF increased progressively over each workload with no indication of a plateau (Fig. 3) . The difference in the modulation of VL compared with the RF corticomotoneuronal excitability may be secondary to an alteration in muscle recruitment pattern associated with increases in cycling intensity/workload (13, 14) . Indeed, voluntary VL-EMG increased by ϳ95% from 30 to 160% W peak , whereas voluntary RF-EMG increased by ϳ150% across the same range. The greater increase in voluntary RF-EMG confirms earlier findings documenting a 10-fold increase in RF-EMG versus only a fivefold increase in the VL-EMG when cycling exercise intensity is increased from 150 W to maximal sprinting power (ϳ1,400 W) (13) . Taken together, these observations suggest that the relative contribution of, and the central motor drive to, the RF may increase more than that of the VL across the workloads evaluated in the present study. The increase in RF-EMG and the associated additional recruitment of RF motor units may have been sufficient to cause a net increase, rather than a plateau, in corticomotoneuronal excitability across the tested workloads. In addition, some of the difference between RF and VL may be explained by the fact that VL has a monoarticular function (knee extension) versus the biarticular nature of the RF (hip flexion and knee extension).
The onset of a plateau during cycling exercise demonstrates that further increases in central motor drive above that observed around W peak will have no further impact on corticomotoneuronal excitability. Based on this observation, the extent to which central motor drive increases during aerobic cycling can influence the interpretation of exercise-induced net changes in corticomotoneuronal excitability. Specifically, the inhibitory effect of locomotor muscle fatigue on corticomotoneuronal excitability (31) can, at least up to a certain point, be masked by the facilitating effect of an increase in central motor drive. Thus during strenuous constant-load aerobic leg exercise characterized by the development of peripheral fatigue and associated progressive increases in central motor drive (4), the net corticomotoneuronal excitability depends on the balance between the facilitating effects of an increase in central motor drive and the potentially inhibitory effects of fatigue (31) .
Comparisons Between Exercise-Modalities
To compare the effect of a similar given change in EMG on MEP and CMEP between exercise modalities, we identified two levels of comparable EMG below the occurrence of the plateau. This approach allowed us to evaluate the effect of a 40% increase in VL-EMG (and a 90% increase in RF-EMG) on MEP and CMEP during cycling versus during isometric knee extension exercise. These comparisons revealed that a given increase in voluntary EMG below the plateau evokes similar changes in the excitability of the corticospinal tract and spinal motoneurons during cycling and isometric knee extension exercise (Fig. 4) . This might suggest that alterations in the corticomotoneuronal excitability of a given muscle are largely independent of the actual contractile modality (at least before the onset of a plateau) and strongly dependent on central motor drive. In this context, it is important to consider that the exercise protocols were performed on separate days. While the position of the EMG electrodes were marked with indelible ink, even small differences in electrode placement could have influenced the measures. Another important consideration when making comparisons between single-joint isometric and cycling exercise is the way in which the movement is generated. Specifically, isometric contractions are primarily driven through conscious activation of the descending corticomotoneuronal pathway, whereas rhythmic movements can additionally be modified at the level of the spinal cord via spinal central pattern generating networks (17, 39) . These spinal circuits produce a phasic coordination of muscle activity through afferent sensory reflexes, potentially resulting in a heightened role of subcortical regions in generating motor drive during rhythmic exercise compared with isometric contractions (10) . Therefore, while the EMG was matched between the two exercise modalities, the cycling exercise might have, in contrast to the isometric task, also encompassed some central pattern generating component and therefore influenced descending motor commands.
It should also be mentioned that significant alterations in joint angle can affect spinal excitability via differences in neural feedback sensitive to muscle length (40) . However, given the small differences in knee angle and muscle length at the point of stimulation during the isometric and dynamic task (ϳ90°vs. ϳ100°, respectively), we expect, if at all present, the associated different effects on motoneuronal excitability to be small (7, 10, 30) .
Based on the previous observation that voluntary VL EMG during cycling at peak aerobic capacity is only about 50% of that observed during brief maximal sprints (32) , it may be inferred that the plateau during cycling in the present study occurred at ϳ50% of the maximal sprint-specific capacity. Such an assumption would indicate that, when expressed in relation to the quadriceps maximum task-specific EMG activity, the pattern of change in corticomotoneuronal excitability is different between isometric knee extension and cycling exercise. Specifically, while the onset of the plateau in VL occurs at 75% of the task-specific maximum during isometric knee extension exercise, the above consideration would suggest the onset of the plateau during cycling exercise to occur at 50% of task-specific maximum (i.e., maximal sprint). Based on this, it might be concluded that motor drive-dependent changes in corticomotoneuronal excitability, particularly the occurrence/ existence of the peak/plateau, may be different between exercise modalities. Methodological difficulties associated with the use of TMS during maximal sprints (e.g., substantial head and upper body movements) prevented us from evaluating corticomotoneuronal excitability during these efforts.
Perspectives and Significance
The present study demonstrates that the excitability of cortical and spinal motoneuronal projections to the knee extensors during both isometric single-leg knee extension and cycling exercise is augmented by increases in central motor drive. This facilitation, which is likely mediated by increases in the excitability of the motoneuron pool, appears to be independent of contractile modality (i.e. static vs. dynamic exercise). The present results warrant careful consideration for the interpretation of corticomotoneuronal excitability during exercise in which central motor drive is changing, e.g., constant load exercise to task failure.
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